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ARTICLE INFO ABSTRACT

Keywords: A significant energy loss results from the poor thermal insulations of the commercial and public buildings.
White-light Windows diffuse a large fraction of building heating and cooling energy to the external environment,
Photothermal effect representing an annual impact of 4.1 quadrillion British thermal unit of primary energy in the US. The current
Fe;?04 technology for efficient windows relies upon the double-pane insulated glass unit with an insulating gas in
rg};:cgfl between. A key challenge is to reduce thermal conductivity of the windows without relying on insulating

materials. The photothermal effect can be possibly utilized for particular functionalities that can collect solar
energy for reducing heat loss. The insulation efficiency is quantified through the U-factor, defined as the ratio of
the heat flux (H) per unit area through the pane to the difference (AT) between the window interior surface and
exterior temperatures. Upon solar irradiation, single-panes can “self-heat” via the photothermal effect from the
nanoparticle coatings. This can effectively reduce AT for enhanced thermal insulation. In this study, the
photothermal effect on Fe;O4 nanoparticles stimulated by solar light was investigated for nanoparticles in
solutions and as thin films for energy—efficient windows. The Fe;0,4 nanoparticles were surface-functionalized
with different polymers to modulate colloidal stability and for the investigation of the photothermal effect. The
photothermal heating efficiencies of Fe304 with different surface coatings were found to be much greater under
the white-light irradiation than near infrared (NIR) in both aqueous suspension and as thin films. The
mechanism for the photothermal effect of Fe;04 was identified in terms of its band structure. Both Urbach
energy and band gap were obtained based on absorption spectra of various Fe304 nanoparticles. The Urbach
“tail” was found consistent with nanoparticle surface defect structures, while the band gap (~3.1¢€V)
corresponded to the electronic transitions in the octahedral site of Fe304. We also discuss the absorption-
based photonic physics responsible for the much-enhanced photothermal heating by white-light as compared
with NIR. Based on the photothermal heating, the U-factors were obtained with the nanoparticle coatings that
show promise in producing energy efficient windows.

1. Introduction U-factor for an entire window needs to be less than 0.30 Btu/ft2-°F h

(1.7 W/m?K) to achieve Energy Star certification in the U.S. colder

The heating and cooling cycle of commercial and residential
buildings represents a significant amount of energy loss [1]. One of
the major heat losses is through windows, which is characterized by the
so-called U-factor. U-factor is defined as the ratio of the heat flux (H)
per unit area through the pane to the difference (AT) between the
interior and exterior temperatures, as schematically depicted in Fig. 1
[2]. Lower U-factors corresponds to the better insulating windows. The
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regions [3]. Under extremely cold conditions, the AT of a single pane
window causes a significant heat loss. The current technology for
efficient windows relies upon the double-pane or even triple-pane
insulated glass unit with a low-emissivity coating. Although these units
may meet some of the requirements in building energy efficiency, the
high cost in their manufacture and implementation to replace the
existing windows can be prohibitive. Thus, the key challenge is to
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Fig. 1. Schematic diagram showing the concept of U-factor reduction via the photothermal effect of the Fe30,4 nanoparticle coating on single-pane.

develop a simple but effective technique built upon the existing
windowpanes. A straightforward approach would be if these single
panes could be coated by a low-cost “self-heating” thin film when
exposed to solar light. Upon raising the window surface temperature,
the U-factor can be effectively lowered, leading to much reduced heat
loss.

The photothermal effects [4—7] of nanoparticles, such as gold [6,8—
10], graphene [11], and Fe30,4 [4—6], by near-infrared (NIR) irradia-
tion have been extensively investigated. These nanoparticles all exhibit
strong NIR-induced photothermal effects, raising the solution tem-
perature by more than 30 °C. Preliminary results show that, upon NIR-
laser irradiation, the temperature of the Fe;04 nanoparticle aqueous
suspensions increases within short periods, from room temperature to
45 °C [4]. All of these previous photothermal effect studies used NIR
radiation (~800 nm) for the biomedical applications [4—7]. However,
the photothermal effect induced by white-light has never been inves-
tigated for Fe30, in energy applications. Specifically, the photothermal
effect mechanism induced by white-light is not understood in terms of
the band structure of Fe304. The energy conversion mechanism has
been extensively studied for gold nanoparticles based on localized
surface plasmon resonance (LSPR) [6]. LSPR may apply to noble
metals due to their high charge densities. But LSPR may not be majorly
responsible for the photothermal effect in Fez04, which has limited
charge carriers.

The goal of this study was to investigate the photothermal effects of
Fe304 nanoparticles in both solution and thin film forms using
simulated-solar light. By solar irradiation of nanoparticle coatings on
glass substrates, photothermal heating was generated to control AT,
based on which the U-factor was lowered for energy-efficient windows.
Furthermore, the photonic physics was studied that underlies the
photothermal effect of Fe30, nanoparticles induced by white-light
irradiation. The relation between the electronic band and nanostruc-
ture was established, under white light irradiation, for the newly
discovered photothermal effect of Fe304 nanoparticles. Photon absorp-
tion was analyzed and correlated to heat conversion of the Fe;O4
nanoparticles with different defect structures.

2. Experimental results

In order to perform photothermal heating measurements, both the
liquid and thin film samples were irradiated by 0.1 W/cm? white light
using a Newport 150 W solar simulator (Lamp model 67005). The
experimental apparatus of the white-light mediated photothermal
heating system is shown in Fig. 2a. For laser photothermal experiment
(the apparatus is shown in Fig. 2b), the light source is a 785 nm laser
generator (FC-785-5W-MM Fiber Output Laser System, SFOLT Co.,
Ltd.). As shown in the Fig. 2, the temperature is recorded by an AVIO
G100EXD infrared thermal camera. Light is turned on for a given
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(a)

Simulator

Glass Slide Sample

(b)

IR
\ Camera

W
&/

Glass Slide Sample

Fig. 2. (a) Apparatus for the photothermal heating experiment using white-light and (b)
Apparatus for the photothermal heating experiment by NIR laser.

Laser

period of time, and then off but with thermal camera still recording the
temperature during the continuous heating experiments. All experi-
ments were performed at room temperature.

Fig. 3 shows the high magnification transmission election micro-
scopy (TEM) images of Fe3O4 nanoparticles. As can be seen from
Fig. 3a Uncoated Fe30, particles contain approximately 10 nm dia-
meter nanoparticles and exhibit quite a clear lattice image with sharp
particle surfaces and boundaries. Fig. 3d shows the uncoated Fe304
with ~5% weight loss to water evaporation. The poly(acrylic acid)
coated Fe30, (PAA-Fe3O,) (Fig. 3b) nanoparticles show, however,
~12% mass loss due to PAA vaporization (Fig. 3e). The polystyrene
embedded Fe;0,4 (PS-Fe30,4) (Fig. 3¢) is morphologically different from
Uncoated Fe304 and PAA-Fe304 nanoparticles. As shown in Fig. 3¢, the
Fe30,4 nanoparticles (~10 nm) are in fact embedded in the polystyrene
spheres (100-200 nm) with a high polymer volume fraction. TGA
shows ~36% mass loss due to polystyrene vaporization (Fig. 3f). This
unique morphological characteristic makes, as will be shown later, an
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Fig. 3. TEM images of Fe;04 nanoparticles (solutions). (a) Uncoated Fe30,; (b) PAA-Fe304, and (¢) PS-Fe30,4. Thermal gravimetric analysis of (d) Uncoated Fe30, (e) PAA-Fe30, (f)

PS-Fe,0,.

important difference in the light absorption behavior.

Fig. 4 shows the surface morphologies of the drop-cast, thin films of
Fe3;0,4 on the glass substrates. As can be seen, the thin film surface
morphologies consistently reflect the different surface treatments of the
Fe30,4 nanoparticles. As shown in Fig. 4a, the Uncoated Fe;0, exhibits
a rather rough surface due to poor dispersion in the solution. In
contrast, the thin films with PAA-Fe;0, (Fig. 4b) nanoparticles show
smooth surfaces as a result of good dispersion associated with surface
functionalization. The thin film surface morphology shown in Fig. 4c is
consistent with that of PS-Fe30, (Fig. 3c). As the Fe;0,4 nanoparticles
are embedded in the polystyrene spheres. The small clusters in the thin
film are evident (Fig. 4c).

Fig. 5 shows the time dependent temperature curve of PAA-Fe304
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solution at various concentrations (0.25, 0.5 and 1.0) mg mL™’. In
order to investigate the photothermal effect each sample is illuminated
with the white-light using the solar simulator at the light intensity of
0.1 W/cm?, which is approximately the same radiation density at the
surface of Earth from the sun. All samples exhibit the photothermal
effect (Fig. 5a); however, the magnitude depends on the Fe3O4
concentration, as expected. Under irradiation of white-light with only
a low intensity of 0.1 W/cm?, the temperature of the 1.0 mg mL™!
sample increases from 24 °C to 35 °C within 15 min, a temperature
increase of 11 °C. Even for a low concentration, 0.25 mg mL™}, within
the same time period (15 min), the temperature rises to 32 °C,
indicating a significant photothermal effect. After 15 min of exposure
to white-light, the samples were allowed to cool to room temperature



Y. Zhao et al.

Bt

I 5 | et

(b) PAA-Fe O

t
—50 pm=—

(c) PS-Fe30,

peen 5 () Tt

Fig. 4. SEM images of slide samples. (a) Uncoated Fe;O4; (b) PAA-Fe304, and (c) PS-
Fe30,4.

for 10 min after the white-light was turned off. All samples exhibited
approximately the same cooling rates indicating their heat losses to the
surroundings are consistently similar.

For comparison, we investigated the photothermal effect of the
same PAA-Fe;0, nanoparticle solutions under 785 nm near infra-red
(NIR) laser irradiation, at the same light intensity of 0.1 W/cm?. As
shown in Fig. 5b, the 785 nm NIR laser generates a much lower level of
heating than the white-light at the same concentration of 1.0 mg mL™},
where temperature increased slightly from ~23.5-27 °C, a temperature
gain of 3.5 °C within 15 min. Much weaker photothermal heating is
evident in Fig. 5b for the 0.25 mg mL™' sample with only a small
increase in temperature. These results show the higher efficiency of the
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Fig. 5. (a) Temperature vs. time curve for the different concentrations of PAA-Fe3;0,4
solutions under white-light. Intensity of the illuminated light: 0.1 W/cm?; (b)
Temperature vs. time curve of the different concentrations of PAA-Fe30,4 solutions
under 785 nm laser. Intensity: 0.1 W/cm?.

white-light irradiation as compared with NIR, in generating the
photothermal heat in the Fe;04 nanoparticles. It is important to note
the heating rates under both types of irradiations. It is obvious from
both Fig. 5a and b that the initial heating rate under white-light is more
rapid than that of the laser heating.

We also investigated the photothermal effect of the thin film
samples on a glass substrate, under the same light intensity, namely,
white-light and NIR. The thin film samples contained Fe;0, particles
with different surface coatings. Fig. 6a shows the time dependent
temperature curves of the thin films for different types of nanoparticles.
There is a total of 3 mg of Fe30, on each glass slide for all samples. At
the white-light irradiation with an intensity of 0.1 W/cm?, as shown in
this figure, the Uncoated Fe3O, sample experiences an increase in
temperature from 25.5 °C, to 33 °C, while the PAA-Fe;0,4 sample heats
to 31.5 °C, even more rapidly. The PS-Fe;0,4 samples are less efficient,
resulting in a temperature rise to less than 30 °C. A common heating
behavior of these thin film samples is an initial rapid rise in
temperature within minutes, reaching a plateau of constant tempera-
ture. This behavior is quite different from their behavior in solution
(Fig. 5a and b), under gradual heating. The water in the aqueous
solution acts as a heat reservoir with high heat capacity, causing the
maximum temperature (T},,4-) to be reached after a longer period (At)
compared to the thin film samples.

The response of various Fe;O, thin films were investigated by
turning on and off the white-light for specific times. Fig. 6b shows the
heating curves of different Fe30, films irradiated by 0.1 W/cm? white
light in cycles for the times indicated. The initial white-light exposure
was for 15 min, followed by another 15 min exposure after 5 min. This
cycle was repeated with each heating period lasting 15 min. The thin
film samples, although containing different Fe3O, nanoparticles, are
heated rapidly and repeatedly, reaching the maximum temperature
within a few minutes.

Fig. 7 shows the absorption and transmission spectra of the thin
films containing a variety of Fe;04 nanoparticles (the same as tested
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Fig. 6. (a) Temperature vs. time for the thin film samples containing various Fe3;04
nanoparticles indicated. There is 3 mg Fe30, per slide. Heating power: 0.1 W/cm?; (b)
Temperature vs. time in a cyclic fashion for the thin film samples containing various
Fe30,4 nanoparticles as indicated. There is 3 mg Fe30, per slide. Heating power: 0.1 W/

sz.

(@)
0.10
—Uncoated Fe O,
2 0.08 —PAA-Fe O,
‘@
§ —PS-Fe O,
= 0:064 —— Polymer Film
=
]
2, 0.04
e
2
2 0.021
0.00 4
T T T T T T
300 400 500 600 700 800
Wavelength / nm
(b)
100 4
X 95
=
2
2 90
E —— Polymer Film
£ ——PS-Fe O
£ 854 374
- ——PAA-Fe O,
— Uncoated Fe O,
80 4
T T T T T T
300 400 500 600 700 800
Wavelength / nm

Fig. 7. (a) Absorption vs. wavelength for thin samples containing various Fe3O4
nanoparticles indicated; (b) Transmission vs. wavelength for thin samples containing
various Fe;O4 nanoparticles indicated.

and shown in Fig. 6a). As can be seen in Fig. 7a, the Uncoated Fe3O4
thin film on the glass slide exhibits an absorption peak at 390 nm with
the highest absorption and lowest transmission (Fig. 7b). All other thin
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films containing PAA-Fe30, and PS-Fe304 show peaks near 390 nm
but at considerably lower absorptions and corresponding transmis-
sions, as expected. The PS-Fe;0, exhibits the lowest absorption, which
is consistent with its morphology shown in Fig. 4c. The PS-Fe30,, as
reported previously [12], is essentially a polystyrene nanosphere (100—
200 nm) with much finer (~10 nm) Fe30, particles embedded in its
polymer matrix. In this case, the polymer matrices reflect most of the
incident light, quite similar to the pure polymer control as shown in
Fig. 7. The heating behavior observed in Fig. 6 for these samples are
consistent with the absorption behavior, where higher absorption of
light leads to stronger photothermal effect (or higher overall tempera-
ture increase). As expected, Uncoated Fe;0, is more light absorptive
than all other samples, therefore exiting the strongest photothermal
effect.

3. Discussion

The photothermal effect has been extensively studied for excellent
conductors with high charge carrier densities, such as gold and
graphene, with the energy conversion attributed to the localized surface
plasmon resonance (LSPR) [6,13,14]. A localized plasmon is the result
of the confinement of a surface plasmon in a nano particle smaller than
the wavelength of the incident light. A nanoparticle's response to the
oscillating electric field has been described by the so-called dipole
approximation of Mie theory [4]. However, LSPR is unlikely to be the
major mechanism for Fe;04 nanoparticles because they lack sufficient
charge density.

We have recently investigated the photothermal effect in FezO,4
nanoparticles and explained the process based on the photolumines-
cence emission in the NIR region [6]. However, the energy conversion
mechanism has not yet been well established for Fe30, nanoparticles
under white-light with a continuous spectrum. In Fig. 8, the absorption
co-efficient (a) is plotted against photon energy (E) for different types
of nanoparticles [15], based on the absorption data shown in Fig. 7.
The absorption coefficient a is represented by [14]:

olf ~ Ey),

a = a,eX
P

®
where a,, is the absorption coefficient, E is the incident energy, and E,,
is the onset of absorption. Both a, and E, in Eq. (1) are material-
dependent constants. E, = kzT/c is defined as the Urbach energy (or
Urbach “tail”), where o is the steepness parameter and kg is the
Boltzmann constant. Urbach energy is related to the presence of
structural defects, and for the nanoparticles in this study, mostly
reflects the functional groups at the surfaces, as each is coated with
different polymers. The Urbach tail of the absorption coefficient vs.
photon energy can be used to characterize the strong internal fields
from surface defects. Surface defects on nanoparticles are an important
factor that influences the Urbach exponential absorption tail.
According to Eq. (1), we have

E-E,
Ell (2)

Urbach Energy is calculated from the reciprocal of the slope of In a
vs. photon energy, taken from the spectra in Fig. 7. By plotting the
absorption coefficient on a logarithmic scale as a function of photon
energy, the Urbach energy is obtained from the linear portion of the
curve (Fig. 8a). Using Eq. (2), the Urbach Energy values of the
Uncoated Fe;O4 and PAA-Fe;0, were determined to be 0.5245 eV,
and 0.6457 eV respectively. These values indicate, consistently, that the
surfaces of Fe3O, are effectively modified by PAA functionalization,
thus reducing the defect density in PAA-Fe304, as compared with that
of the Uncoated Fe;0,4. We have analyzed only the Uncoated Fe;0,4 and
PAA-Fe3;0, in order to make a direct comparison.

The electronic structures of bulk magnetite (Fe;04) have been

Ina= Ina, +
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Fig. 8. (a) Absorption coefficient vs. photon energy for Uncoated Fe;0,4 and PAA-Fe304. (b) (Ea)?vs. photon energy for Uncoated Fe3O,4 and PAA-Fe30,.

extensively studied [16,17]. The band gap between the O(2p) and the
empty Fe(4s) in Fe30, is in the range of 4—6 eV [16,17]. The electronic
structure is influenced by both the octahedral and tetrahedral sites with
the 3d metal atomic orbital. The energy gap is due to crystal-field
splitting on the octahedral site, 4., ,—2.2 eV, while that of the tetra-
hedral site is: 4,,~09eV. The valence band of O(2p) is further split
from crystal field site tog, e of the octahedral and tetrahedral sites,
respectively, by almost ~0.9 eV [18,19]. Alvarado et al. have investi-
gated the one electron energy level of Fe;0,4 in order to describe 3d
photoelectronic excitation using electron spin polarization (ESP),
energy distribution curve (EDC), and far-ultraviolet photoelectron
spectroscopy measurements [20]. In Alvarado's work, they completed
reflection and absorption measurements for a variety of iron oxides
including FeO, Fe30, and Fe,Os, and found a similar characteristic
spectroscopic signature. Not only was an absorption edge at 2 eV
found, several peaks were also resolved at 1.5eV, 3.2 eV and 5.5 eV
[20]. They associated the absorption edge at 2 eV to the optical
transition from the last occupied d band to the 4s(Fe) band. Balberg
& Pankove determined a crystal field splitting value of 4, = 1.7 eV,
and an exchange splitting 4,, = 2.7 eV between the majority spin levels
(assumed spin down) [21]. Fig. 8b shows the plot of (Ea)? as a function
of photon energy, based on which the direct band gap value can be
estimated by extrapolation of the linear portion of the curve to the x—
axis (Fig. 8b). Using this approach, we have determined the band gap
values for the Uncoated FesO04 (3.08 €V) and PAA-Fe304 (3.22 eV).
These values are consistent with the band gap (~3.1 eV) between O(2p)

(a) 3.0 1
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and (eg) of the octahedral site.

Fig. 9 shows the extinction (Qexs), absorption (Qgps) and scattering
(Qsca) efficiencies as a function of wavelength for PAA-Fe;O4 and
Uncoated Fe;0,4 respectively. The values are calculated by the Mie
theory using the complex refractive indices of the samples. [5]:

2 o
Qex = (2}1 + I)Re[an + b,,]
e’ ®)
2 = 2 2
Q:(‘a =7 (211 + 1)[|an| + |bn| ]
x2 z;‘l @
Quvs = Dot — Qs 5)

27 medy

where a,, and b,, are the coefficients, x = . is the size parameter
with y being the mean radius of the particles, n,,,0q is the refractive
index of the media, and A,, is the vacuum wavelength. Numerical values
of Qext; Qaps and Qs were calculated as a function of wavelength
using the code “Mie-Plot” written by Philip Laven [22]. The extinction
coefficient is defined as the imaginary part of the complex index of
refraction, which is associated to light absorption. As shown in Fig. 9,
the extinction efficiency of Uncoated Fe;0, is considerably higher than
that of PAA-Fe304 over the entire spectrum, which is consistent with
the absorption spectra shown in Fig. 7. The absorption efficiency of the
Uncoated FezO4 remains above 1.0 up to a wavelength of 550 nm,
while that of PAA-Fe3;04 drops rapidly below this value above 400 nm
(Fig. 9). The scattering efficiency of the Uncoated Fe30, is also greater
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Fig. 9. Extinction (Qext), absorption (Qaps), scattering (Qsc.) efficiencies as a function of wavelength for Uncoated Fe;O,4 and PAA-Fe;0, respectively.
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than that of PAA-Fe3;0,4 due to a difference in their hydrodynamic size
(PAA-Fe304: 66.69 nm+21.56 nm and Uncoated Fe304:
277.8 nm+97.6 nm; measured by Malvern Zetasizer Nano Series).
Even though the core Fe3zO4 particle diameters of both Uncoated
Fe30,4 and PAA-Fe;0,4 are approximately the same (~12 nm), hydro-
dynamic diameter of Uncoated Fe;0, is significantly larger than PAA-
Fe;04 due to severe agglomeration of Uncoated Fe;O4. In Mie
scattering, the light intensity distribution pattern varies with the
particle size. As the particle size decreases, the pattern of the diffracted
and scattered light spreads away from the forward direction. Although
in the data shown in Fig. 7 there is an overall absorption, the effect of
size on scattering efficiency is rather pronounced (Fig. 9). The larger
clusters of Uncoated Fe;O,4 result in a greater scattering efficiency.

Photoluminescence (PL) measurements of Fe;O4 have been com-
pleted by Sadat et al. over a broad size range of (10 nm-5 pm) [5].
They found three major PL peaks near 540 nm, 690 nm and 840 nm,
when illuminated with 407 (3.05 eV) nm laser light for PAA-Fe;0, (the
same material used in this study). Similar PL spectra were obtained
using the excitation light of 449 nm (2.76 eV). The PL emission
exhibits two major peaks at 550 nm (2.10 eV) and 674 nm (1.84 eV)
for PAA-Fe3O,4, whereas for Uncoated Fe304, PL degradation is
observed (Fig. 10), and there is only one peak at 674 nm (1.84 eV).
The hydrophilic PAA-coated nanoparticles tend to have higher PL due
to water molecules in a gas phase perform good passivation of the
dangling bonds at the iron-oxide interface. Similar results have been
presented by Gongalsky et al. [23]. According to the study by Sadat
et al. [5], the PL peak near 550 nm (2.30eV) is attributed to the
radiative recombination of mobile electrons from the = eg(2.2 eV) on
the octahedral site. The much weaker peak at ~690 nm (1.79 eV)
corresponds to the recombination of trapped electrons from the
octahedral site to O(2p) on tetrahedral site. Sadat et al. found that,
under 808 nm laser irradiation, the extinction efficiency of PAA-Fe30,,
calculated by the Mie theory, is mostly absorption dominated [5].
However, as shown in Fig. 7a, the absorption in the NIR range is very
much reduced. The absorption of the Uncoated Fe30,4 peaks at 410 nm
with the maximum intensity on the scale of 10 while that has decreased
to the scale of 3 in the NIR range above 800 nm.

The wavelength of 410 nm corresponds to a photon energy of
3.02 eV, precisely the gap width between O(2p) and (e,) of the
octahedral site. Other Fe3O, nanoparticles such as PS-Fe;0, and
PAA-Fe30, exhibit the same absorption peaks near 410 nm. These
results indicate that the most absorption takes place at the incident
photon energy comparable to the energy gap between O(2p) and (e,) of
the octahedral site. Photon energies away from this value (~3.0 eV)
may contribute to absorption but to a much lesser degree, especially in
the NIR region. This interpretation is consistent with the photothermal
effect results shown in Fig. 5a and b. For the same concentration of
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Fig. 10. Photoluminescence vs. wavelength for the Fe;04 nanoparticles indicated.
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PAA-Fe30, solution, irradiation by white-light results in a much
stronger photothermal effect because the incident light spectrum
contains the photon energy (410 nm, 3.02 eV), which is on the same
order of magnitude as the Fe;04 energy gap (3.1 eV). Thus, absorption
is the highest at this wavelength (410 nm) (Fig. 7a). The strong
absorption at 410 nm explains as to why the photothermal heating is
much more prominent under white-light irradiation as compared with
NIR.

The results of photothermal heating of various thin films shown in
Fig. 6a are consistent with the absorption data (Fig. 7a). The thin film
containing Uncoated Fe3zO, exhibits the highest heating rate and
reaches the maximum within a few minutes. As expected, Uncoated
Fe30, also exhibits the strongest light absorption (Fig. 7a). The degree
to which the light is absorbed depends on the polymer to Fe;0, ratio.
Quite consistently, the PS-Fe30,4 has higher polymer content, therefore
the less absorption (similar with the polymer control). As reported
previously [12], PS-Fe30, is essentially a polystyrene nanosphere with
fine Fe30,4 nanoparticles embedded in its polymeric matrix. In contrast,
PAA-Fe304 has much lower polymer to Fe3O4 ratio, and shows a
considerably higher absorption and photothermal heating (Fig. 6a).

U-Factor is a measure of thermal transport through conduction,
convection, and radiation. In the United States, the National
Fenestration Rating Council (NFRC) implements a national rating
system for energy performance of fenestration products, and NFRC has
standardized the environmental conditions for U-factor calculations as
following equation [24]:

1

U —
Uh, + U/h, + 11U, ©6)

where h;, and h. are the interior and exterior heat film coefficients
respectively, and Uy is the heat transfer coefficient of the windowpane
assembly alone without indoor and outdoor air film coefficients. h;, can
be calculated using the following equations [24]:

0.25
hy, = 1.46 x (ﬂ) + ae[
L @)

where L is the total height of a window, ¢ is the Stefan—Boltzmann
constant (5.67x1078 W/m? K*), e is the emissivity, Tk is the indoor air
temperature, and AT is the temperature difference between window
inner surface and indoor air, as schematically shown in Fig. 1.

The outside heat film coefficient h.. is usually calculated through the
air (wind) velocity by Lokmanhekim's method [25]:

T — @an)?
AT

h, = 8.07 x vV*%(v > 2m/s)

€)

Assuming steady-state condition, homogeneous temperature vari-
ables, and neglecting edge and radiation effects, Uy, can be derived
from hy, [26]:

U, =R, ©)
where Ry is the resistance of the windowpane assembly alone.
Using the Egs. (6)—(9), U can be expressed as:
1
pi— + ' +R
8.07 x v0-005 i (ﬂ)o.zs . [TR4 B (AT)4] L
R Z o] - ( 1 0)
Under the aforementioned NFRC standards (interior air
temperature:21.1 °C, exterior air temperature: -17.8°C, wind

speed:12.3 km/h, window height 1.524 m) of measuring the center-
of-glass U-factor, we used the Eq. (10) to analyze the possible impacts
of temperature difference AT on the center-of-glass U-factor. If we
select 1.8 mm organoclay nanolaminate as the possible dense solid
insulating material, the R;, is 0.22 W/m? K and the emissivity is 0.30,
as literature reported [27,28]. According to Fig. 6, PAA-Fe30,4 thin film
increased approximately 5 °C after white light irradiation. If we assume
the real products have the same performance, hence a similar AT as
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observed under experimental conditions, the U-factor reduces 0.08-
0.15W/m? K as the U-factor is dependent on the initial surface
temperature of the heating glass. This corresponds to an energy savings
of 85-159 KJ/m? in one-hour white light irradiation based upon
aforementioned assumptions.

4. Conclusions

We have investigated the photothermal effects of various Fe;O4
nanoparticles in both solution and thin film forms under white-light
and NIR laser irradiation. Much stronger photothermal effect is found
for Fe304 under white-light irradiation as compared with the NIR laser
irradiation. The significantly enhanced photothermal heating under
white-light is explained by the electronic structure of Fe;O4. The
strongest absorption takes place near 410 nm, which corresponds to
the energy gap of Fe304 caused by crystal-field splitting on the
octahedral site. Nanoparticle surface polymer coatings alter photon
absorption; therefore, lower the photothermal heating efficiency. With
sufficient photothermal effect under white light irradiation, the U-
factor can be effective lowered, leading to reduced heat loss. The solar-
induced photothermal effect will have promise in energy applications,
especially in making energy sufficient windows.

5. Experimental details

The Fe30,4 nanoparticles were synthesized with procedures re-
ported previously [29-32]. FeCl3-6H,O (1.11g) and FeCl,-4H,O
(0.433 g) were dissolved in distilled H,O (80 mL) at 70°C in a
Nitrogen environment. After 60 min, NaOH (20 mL) was added to
the mixture. The mixture was stirred at 90 °C for another 2h in a
Nitrogen environment. The resulted particles were magnetically sepa-
rated and washed repeatedly with deionized water until reaching pH
value of 7. The final Uncoated Fe3O, nanoparticle solution was
5mg mL™!. For dispersion purposes, the Fe;0, nanoparticles were
coated with various polymers. They are denoted as the Uncoated Fe;04
and PAA-Fe30,, with the prefix indicating the surface-coated polymers,
for example, PAA: poly(acrylic acid). The PS-Fe30., as reported before
[29], is essentially the nano-size Fe3O, particles embedded in the
matrices of the polystyrene nanospheres (100-200 nm diameter).

Both the liquid and thin film samples were prepared for the
photothermal experiments. Fe30,4 nanoparticle solutions (0.15 mL) in
different concentrations (0.25, 0.5, 1.0 mg mL™*) were added into a 48-
well plate. For the thin film sample, 25x25 mm? glass slide substrates
were sonicated in acetone for 15 min, and dried at 50 °C for 20 min
10% PAA-water solution was diluted from the 40% poly(acrylic acid,
sodium salt) solution as the control sample. Fe3;O4 nanoparticles
(3 mg), was added into 40% PAA solution (2.5 mL). Deionized water
was added to make each of the 10 mL coating solutions. The coating
solutions were shaken overnight for uniformity. Glass slides were
coated by coating solution (0.3 mL) through drop casting. During the
coating process, the solution was carefully dropped on the center of a
glass slide (25x25 mm?). Then the glass slides were heated by a hot
plate at 50 °C for about 20 min to accelerate the evaporation of water to
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make thin films.
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